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Abstract 
For most CCS projects, captured CO2 is transported by pipeline, in contrast to shipping it, which has only been introduced as a
secondary option for long distances and small amounts.  This paper provides some possible alternatives to reduce the total cost of 
CCS through CO2 shipping. The benefits of HP pump in power consumption is considered and a new total CCS chain is suggested, 
which can be divided into capture, liquefaction (or compression to supercritical fluid), transport by ship, compression by HP pump,
and storage. With a highly efficient liquefaction process, CO2 shipping costs can be reduced under a new total CCS chain. The 
results of our study show that an optimal size needs to be adopted for each CCS project, enabling CO2 shipping to be more cost 
efficient. DSME has developed a concept design for a large CO2 carrier that has the potential to be more cost-effective than 
conventional transport. Therefore, CO2 transport by ship should now be seriously re-considered as an effective transport method on a 
project-by-project basis.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction and objectives  
Carbon Dioxide Capture and Sequestration (CCS) is defined as a system of technologies that integrates three stages: 
CO2 capture, transport and geologic storage. CO2 transport is usually done by pipelines; however, it is also possible by 
ships.  
There are several key factors that make shipping CO2 attractive. Firstly, the initial investment required for this 
method of transport is much less expensive than pipeline construction. Secondly, CO2 shipping is a discrete transport 
solution that offers more flexibility in transporting over long distances, compared to a pipeline that maintains a 
continuous flow. Thirdly, shipbuilding can be customized to suit client’s demand and do not require much lead-time. 
Finally, CO2 shipping has less stringent regulatory approval issues when compared to pipelines, for which said 
approvals can represent significant problems in CCS project development. In spite of these advantages, ship transport 
has been regarded as a short-term measure only for demonstration projects because pipelines are considered a more 
economical solution, especially for short distances and large amounts of CO2 transport. 
IPCC SRCCS [1] and other research concluded that the break-even distance, i.e. the distance for which the costs per 
transport mode are the same, is in the range between 1,000km and 1,500km for transporting 6Mt/yr. This paper will 
review recent technical development which can make CO2 shipping more cost effective and will suggest that CO2 
shipping should be considered as a competitive alternative for CO2 transport in shorter distance than 1,000km as well. 
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2. New approach on CCS system integration 
2.1. Background : CO2 compression Technologies 
The CCS chain is divided into capture, transport and storage. In further detail, the capture stage is divided into a CO2 
capturing stage from the source and later in to a CO2 compressing stage having suitable pressure for pipeline transport 
(typically about more than 10 MPa or 20 MPa). It is a conventional approach to compress the CO2 using multiple stage 
centrifugal compressor. Meanwhile, CO2 has to be liquefied to render it possible for transport by ship which is not 
necessary in pipeline transport. This liquefaction stage makes CO2 shipping economically less competitive to pipeline. 
Recently, GE Oil and Gas [4] conducted a study to understand the possibilities and limitations of various CO2 
compression strategies including a compression only approach and a refrigerated compression/pumping approach. In 
this study, GE Oil and Gas grouped those different compression strategies according to the density of the compressed 
CO2 and the pressure at which CO2 liquefaction actually took place.  
Figure 1 Schematic illustration of studied CO2 compression strategies and power consumption [4] 
(a) Compression Only: It was the simplest option in terms of the number of components required, with only four 
compression sections required. No pump was needed since, neither a liquid nor a dense supercritical phase wass present 
at any point during the compression process. 
(b) Compression/Pumping with Supercritical Liquefaction: The CO2 stream was brought to a pressure just above the 
critical pressure through six compression sections intercooled with water at ambient conditions.  Subsequent cooling 
resulted in CO2 liquefaction at a compressor outlet pressure of 80 bar. A pump then was used to bring the dense fluid to 
final pressure. 
(c) Compression/Pumping with Subcritical Liquefaction: The CO2 stream was liquefied and this strategy used six 
compression stages to bring the CO2 to a subcritical pressure of 60 bar. This was the minimum pressure required for 
liquefaction at 20Ȕ with water at ambient conditions. After liquefaction at these conditions, the liquid CO2 was 
pumped to final pressure. 
(d) Refrigerated Compression/Pumping: CO2 was liquefied using an ammonia absorption refrigeration cycle and 
then the liquid CO2 was pumped to final pressure. 
The schematic configuration and power consumption for the four compression strategies are illustrated in Figure 1. 
According to the study results, there were compression power savings of almost 40 percent by introducing a 
refrigeration cycle for the liquefaction process when highly efficient refrigeration system and enough heat energy were 
available. Therefore, under efficient liquefaction process conditions, the CO2 liquefaction and pump option has an 
advantage in compressing CO2 to high pressure because the pump requires less power than a HP compressor.  
2.2. Alternative approach on CCS system integration 
Generally, the CCS chain is mainly divided into capture, transport and storage. The CO2 compression process is 
considered part of capture stage because CO2 is compressed just after the capture process and the compressors may be 
installed in the same plant with the equipments for the capture process. On the other hand, an alternative approach to 
CCS system integration can be divided into capture, compression & transport and storage. Basically, this alternative of 
the total CCS chain is almost identical to the general existing total CCS chain, but the compression process is included 
at the transport stage. 
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Figure 2 Two different approaches on the total CCS chain 
Based on the general approach, the total cost of CO2 pipeline includes only the cost for CO2 pipe itself, and boost 
compressors, if necessary, but the total cost of CO2 shipping should include costs for the liquefaction process, 
temporary storage and the CO2 carrier. As the volume of liquefied CO2 is about one-600th the volume of gaseous CO2 
in the standard condition, substantially more liquefied CO2 can be loaded into a CO2 carrier, similar to LNG and LPG 
transport. The additional cost for the CO2 liquefaction process makes the total CO2 shipping more expensive compared 
to CO2 pipeline which does not need CO2 liquefaction process.  IPCC SRCCS [1] showed an estimate of the costs for 
transporting 6 Mt yr-1 by offshore pipeline and by ship. The break-even distance, i.e. the distance for which the costs 
per transport mode are the same, was about 1,000 km for this application. 
Figure 3 Transport cost against distance, for pipelines and ship transport [1] 
About compression technologies, GE Oil & Gas’ study results showed that the CO2 liquefaction and pump option 
had an advantage in compressing CO2 to high pressure because the pump required less power than an HP compressor. 
Once CO2 was liquefied and transported by ship, liquid CO2 was to be compressed by HP pumps. However, the 
benefits from adopting the HP pump were not considered in the IPCC SRCCS [1] report and existing total CCS chain, 
even though the disadvantage of CO2 liquefaction was considered in cost estimation of CO2 transport. Therefore the 
alternative total CCS chain, which is divided into capture, compression & transport and storage, is more appropriate to 
compare CO2 pipeline and CO2 shipping because both benefits from adopting the HP pump and disadvantage of 
additional CO2 liquefaction process can be considered at the compression & transport stage.  
Figure 4 New total CCS chain : Capture - Liquefaction - Transport by ship - Compression by HP pump – Storage 
Adopting GE Oil and Gas’ refrigerated compression/pumping strategy in the alternative CCS chain, compression & 
transport stage can be divided into liquefaction, compression by HP pump and transport by pipe. In contrast to the GE 
Oil and Gas concept, CO2 can be transported by ship to the storage site and then injected by HP pump. The new total 
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CCS chain includes the CO2 carrier and liquefaction process which is comprised of capture, liquefaction, transport by 
ship, compression by HP pump, and storage. The liquefaction process and compression process by the pump are 
commonly adopted as shown in Figure 4 so the cost for CO2 liquefaction process can be excluded from the cost 
comparison for CO2 transport and it can be considered in the compression process. As seen in Figure 5, for the 
economic assessment on CO2 transport, CO2 shipping cost, without the liquefaction process is drawn with the transport 
cost graph in IPCC SRCCS [1]. This graph shows that the break-even distance between CO2 shipping and pipeline is 
shortened to about 600km with the new total CCS chain. 
Figure 5 Transport cost including modified shipping cost in new total CCS chain 
3. CO2 carrier capacity and the effect on shipping cost 
CO2 shipping cost in Figure 3 is estimated based on the ship of 50,000 tonnes in the IEA GHG report PH4/40 [2]. 
However,  total shipping cost is strongly related with the number of ships and the capacity of each ship. Generally, for a 
constant amount of CO2 transport, a smaller CO2 carrier is recommended for shorter distances and a larger CO2 carrier 
is necessary for longer distances. Figure 6 shows that ship transport costs can be lowered by selecting proper size of 
ship for each distance. The break-even distance is reduced to 500 km in this example. 
Figure 6 Transport costs including shipping cost with CO2 carrier of proper size 
CO2 shipping has been regarded as a secondary option only for small or medium amounts of CO2 transport. One of 
main reasons is that liquefaction cost increases incrementally according to CO2 amounts. However, CO2 shipping in 
the new CCS chain can be considered as a competitive solution for large amount of CO2 transport because CO2 
liquefaction process is not considered in transport stage, but is considered in the compression stage both for pipe 
transport and ship transport. In addition, DSME [6] has developed a new concept design for a very large CO2 carrier 
with the capacity of 100,000 tonnes and this new design enables it to provide flexibility in choosing carrier size. 
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Figure 7 New concept design of very large CO2 carrier  [6] 
We now forecast that CO2 carriers with a capacity of 20,000 m3 or less might play a role in CO2 transport for the 
upcoming CO2 shipping market. However, CCS business is very sensitive to governmental climate policies and 
regulations, and with the environmentally friendly policies such as incentive schemes like CDM (Clean Development 
Mechanism), CCS will be able to play a key role in contributing to the mitigation of climate change. Therefore, we offer 
various carrying sizes of tanks for CO2 carrier to respond to uncertain markets in the future. With the completion of this 
concept design for a large CO2 carrier with the capacity of 100,000 m3, DSME can offer flexible options in CO2 carrier 
size optimized for each voyage route. Very large CO2 carriers can be considered as an alternative solution for future 
unexplored markets for inter-continental CO2 transport, non-OECD countries’ CO2 transport, CO2 transport from CO2 
cluster/hub to large size of CO2 storages, and very large volume of CO transport in fully commercial stage. 
As an example, Figure 8 shows the total CO2 transport cost as a function of the total CO2 amount when the distance 
between a CO2 source and storage is 600 km. This graph is shows the possibility of a phased roll-out for a CO2 
shipping application. With the amount of CO2 captured at the demonstration stage, one CO2 carrier with a capacity of 
30,000 m3 is enough for CO2 transport. If the amount increases to 10 Mt/yr or 20 Mt/yr at the early and mature 
commercial stage, one or two CO2 carriers with a capacity of 100,000 m3 are required to transport. Large CO2 carriers 
will be able to obtain cost-competitiveness to offshore pipeline for this example.  
Figure 8 Transport cost against CO2 amount for shipping distance of 600 km  
Previous studies on CO2 shipping cost estimation considered CO2 carriers with the capacity ranging of 10,000 
tonnes, 20,000 tonnes, 30,000 tonnes or 50,000 tonnes. Therefore, for the cost comparison with pipelines, it would be 
possible to result in exaggerated shipping cost because optimal size of CO2 carrier was not considered in the previous 
studies. For example, CO2 carrier with the capacity of about 5,000 tonnes would be more cost efficient for the transport 
distance of 200 km and the CO2 transport amount of 1 Mt/yr, which was not considered in previous studies even though 
construction cost could be reduced dramatically. As shown in Figure 6, it is not recommended to predict ship cost based 
on one target ship and using interpolation/extrapolation based on this target ship. Therefore, CO2 transport costs by ship 
should be seriously re-considered on a project-by-project basis as an alternative solution of CO2 transport. In addition, 
aside from economical factor, CO2 shipping has additional advantages compared to CO2 pipelines.  
4. Other technical issues enabling cost-efficient CO2 shipping 
4.1. Optimization of design pressure for cargo tank and liquefaction process 
CCS is defined as a system of technologies that integrates CO2 capture, transport and storage so optimized 
integration is as important as development of each component technologies. Especially for CO2 transport, it is more 
important to consider the relation with upstream or downstream conditions because the role of transport itself is to 
connect CO2 source and storage. However, total CCS chain has not been seriously considered in the development of 
CO2 carriers. Currently temperatures ranging between -55 degC ~ -50 degC are mostly considered as the design 
temperature of liquid CO2 in cargo tanks of CO2 carriers. Since the density of liquid CO2 increases as the temperature 
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closes in on triple point, -56 degC, the CO2 carrier with design temperature of -55 degC ~ -50degC can transport more 
CO2 at one voyage. However, the design temperature is related with the liquefaction process as well. After capture, 
gaseous CO2 should be liquefied to be carried by ship and it needs more power consumption at lower temperature. 
Therefore, optimal design temperature and pressure should be determined considering both of the capture process and 
liquefaction process. For example, it is not recommended to liquefy CO2 at the temperature of -50 degC with ammonia 
refrigerant plant because the COP of ammonia refrigerant plant is about 0.2, which is too inefficient to be utilized for 
large commercial plants. For this application, a CO2 carrier with a design temperature of -30 degC is more 
recommended even though the construction cost of the ship is about 10% higher than the CO2 carrier with the design 
temperature of -50 degC. 
In the results of GE Oil & Gas’ study, refrigerated Compression/Pumping strategy showed the least power 
consumption(see Figure 1) ,but this high performance can be obtained under the condition of high efficient refrigeration 
system and enough heat energy available. In the compression strategy of (b) Compression/Pumping with Supercritical 
Liquefaction in GE Oil & Gas study, the CO2 stream was firstly compressed to a pressure above the critical pressure. 
As shown in Figure 9, another total CCS chain was considered which includes capture-compression to supercritical 
status-transport by ship-compression by an HP pump-storage. To carry high pressure CO2 safely, Supercritical CO2 
(SCO2) carriers possess a number of cargo cylinders which have a diameter of about 1 m. The SCO2 carrier is much 
more expensive than a general CO2 carrier with liquid cargo and it results in higher cost for CO2 shipping. However, 
this new CCS chain has an advantage that CO2 can be transported by ship without liquefaction process and it can be 
utilized in connection with pipeline networks. Therefore, a SCO2 carrier can be connected to cluster/hub of CO2 
pipeline network and transport CO2 without additional liquefaction process. SCO2 carrier also can be utilized for 
irregular transport with pipeline or relatively short-term transport for EOR purpose. Furthermore, we studied a multi-
purpose CO2 carrier which can carry supercritical CO2 and CNG in the same tanks. 
Figure 9 Another new total CCS chain : Capture - Compression to Supercritical - Transport by ship - Compression by HP pump - Storage 
4.2. Direct injection from ship and temporary storage 
CO2 shipping is a discrete transport compared to pipeline which is continuous transport. Subsequently temporary 
storage is necessary hold the CO2 during voyage time, which is not necessary for pipelines so it makes CO2 shipping 
more expensive. One of current issues in CO2 shipping is to eliminate temporary storage at CO2 capture site and/or 
CO2 storage site.  
To eliminate temporary storage at the storage site, CO2 should be able to be injected into underground storage 
directly from ship. DSME has a track-record for building LNG-RV carriers, which can transport LNG and deliver 
natural gas to the consumers without import terminal storage tank. Even when hurricane Katrina attacked Florida in 
2005, LNG-RV successfully and safely offloaded natural gas through its subsea pipes. Direct CO2 injection from ship is 
considered technically viable with current shipping technologies and then temporary terminal can be eliminated in the 
CCS chain. Statoil [3] suggested batch wise injection of CO2 for continuous injection even without temporary storage.  
Figure 10 DSME ECOi Carrier, here 'i' means direct injection from ship 
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4.3. Multi purpose ship  
Multi purpose ship, which can carry CO2 and other cargoes, is a hot issue these days. CO2 carrier voyages from the 
energy consumers to the storage site like oil/gas well, which is opposite to other ships carrying energy resources from 
oil/gas well to the energy consumers. Therefore, it may be possible to transport CO2 in one direction and different cargo 
in the other using multi purpose ships. We executed initial feasibility studies on multi purpose ships which can make 
profit from both voyage directions. Oil/CO2 carriers are almost aren’t viable with current shipbuilding technologies. 
LNG/CO2 carrier is too expensive to be commercialized. LPG/CO2 carrier and CNG/SCO2 carrier are technically 
viable, but those multi purpose ship should be assessed as a commercial issue. The cargo switch from CO2 to other 
cargo might increase loading and offloading time, which results in reduction of the transport amount of LPG and CNG. 
Therefore, it is a challenge to develop new business model where the benefits of additional profit from CO2 transport 
overcomes the economical loss from reduction of LPG or CNG transport. We studied another type of multi purpose ship 
installing additional cargo tanks in general commercial ship. For example, CO2 cargo tanks can be installed in ballast 
space so CO2 cargo is utilized for the purpose of ballast in ballast voyage, and which can be utilized for the voyage 
route between coal mine and coal power plant. It carries coal cargo from coal mine to power plant with empty CO2 
tanks and return to coal mine with full CO2 tanks. This design is technically viable, but it should also be economically 
assessed. Multi purpose ships may be considered in matured CCS markets as a secondary transport option with a 
primary option of pipeline or a CO2 dedicated carrier.  
5. Conclusion 
Pipelines have been considered the main option for CO2 transport. However, at present there hasn’t been much 
research pursued in finding ways to lower CO2 shipping costs. This paper provides some possible alternatives to reduce 
the total cost of CCS in CO2 shipping.  
Firstly, each technology of CCS should be evaluated as an integral part of a total CCS system. Especially, CO2 
transport which is recommended to be assessed with the compression technology. The results of this study show that 
CO2 shipping can be more competitive in the new total CCS chain, which is divided into capture, liquefaction, transport 
by ship, compression by HP pump, and storage.  
Secondly, for the CCS system including liquefaction process, the benefits of HP pump should be considered together. 
And the liquefaction process of CO2 can be a key technology to reduce total cost of CCS in CO2 shipping. Total CCS 
can be reduced with new technologies in the liquefaction process and improved integration of capture process, 
liquefaction process and transport method.  
Thirdly, this study shows that CO2 shipping cost can be reduced by optimizing the capacity of CO2 carriers. DSME 
has developed a new concept design for a large CO2 carrier and can provide flexibility in choosing CO2 carrier size. 
Adopting newly developed CO2 carriers and the new total CCS chain can be considered viable to transport large 
amount of CO2 as well.  
Finally, a number of technical studies enabling more cost-efficient CO2 transport by ship, were introduced such as 
optimization of design pressure of cargo tanks, direct injection from ship without temporary storage, and multi purpose 
ships. 
Pipelines are expected to continue to be the main option for CO2 transport. However, CO2 shipping has potential for 
improvement with additional research. Therefore, CO2 transport by ship should be re-considered on a per-project basis 
as a reasonable alternative in a CCS project. 
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